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Abstract  
In the current generation of 3D electronic packaging, multiple reflows are often required 
during soldering. In addition, electronic packages may be subjected to additional solder 
rework or other heating processes. This paper investigates the effects of multiple reflow 
cycles on TiO2 reinforced Sn-0.7Cu solder fabricated by a powder metallurgy microwave 
sintering technique. Compared to TiO2-free equivalents, a relative suppression of the Cu6Sn5 
phase, both as primary crystals and as an interfacial layer was observed. The likely 
mechanism relates to the TiO2 nanoparticles promoting nucleation and decreasing the amount 
of time that liquid is in contact with the interfacial layer. The TiO2 particles appear to 
stabilise the interfacial Cu6Sn5 layer and result in a more planar morphology. The suppression 
of Cu6Sn5 results in TiO2 reinforced solder joints having a higher shear strength after multiple 
reflow cycles compared to Sn-0.7Cu solder joints.   
Keywords: Lead-free solder, intermetallic compound, synchrotron, multiple reflow, shear strength 
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1.0 Introduction 
Solder alloys play a crucial role in determining performance and reliability in the assembly 
and interconnection of electronic products and have electrical, thermal and mechanical 
functions [1, 2]. The relative importance of solder alloy properties has increased due to 
continued miniaturization of microelectronic circuitry and the use of finer pitch interconnects. 
Higher functional densities in printed circuit boards (PCB) have been made possible by 
surface mount technology (SMT) using reflow soldering, often with multiple reflow cycles.  
Other heating cycles can be present in manufacturing such as additional solder rework [3]. 
One challenge associated with current generation Pb-free solder alloys is that during multiple 
thermal cycles, the joint strength may degrade due to the rapid growth of the interfacial layer 
of intermetallic compounds [4-12]. In a typical Pb-free solder joint, Cu6Sn5, which may form 
either as primary crystals or an interfacial layer during soldering can play a determining role 
in solder joint strength. There is evidence that by suppressing the Cu6Sn5 interfacial layer, 
solder joint properties could be improved [13-17] and as such there are benefits associated 
with controlling the growth of this layer during multiple reflows.  
 
It has recently been reported that additions of reinforcement to a variety of solder matrices, 
with compounds including silicon carbide (SiC) [18-20], nickel oxide (NiO) [21], alumina 
(Al2O3) [22-24], zirconia (ZrO2) [25-28], titanium oxide (TiO2) [29-34] and silicon nitride 
(Si3N4) [35, 36] result in suppression of the growth of the interfacial layer during soldering 
[37]. In our recent study [38], we developed a method of fabricating a reinforced solder using 
a powder metallurgy microwave sintering method that results in a homogeneous distribution 
of  TiO2 in the solder material and an improvement in the bulk solder material thermal and 
mechanical properties. However, properties related to the solder joint strength after multiple 
reflows of this reinforced solder are yet to be explored.  
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This paper investigates the effects of multiple reflow cycles on the TiO2 reinforced Sn-0.7Cu 
solder joint by comparing it with a base Sn0.7wt%Cu (unreinforced) solder joint. This 
includes investigating the evolution of Cu6Sn5 intermetallics both as a primary phase in the 
bulk solder and as an interfacial compound layer during multiple reflow and its effect on the 
solder joint strength. Since it is impossible to investigate the evolution of primary Cu6Sn5 in 
real time using conventional methods, advanced real time experimental techniques including 
synchrotron X-ray imaging were used.  
2.0 Experimental 
2.1 Sample Fabrication 
In this study, Sn-0.7Cu solder powders of spherical morphology with an average particle size 
of 45 µm were supplied by Nihon Superior Co. Ltd. and used for the base matrix material, 
along with 99.7% purity TiO2 anatase powder supplied by Sigma Aldrich, which had an 
average particle size of <50 nm. To fabricate the Sn-Cu containing TiO2 nano-composite 
solder, 1wt% of TiO2 particles were incorporated into the Sn-0.7Cu solder matrix using a 
powder metallurgy route similar to previous research [38]. The composite solder materials 
were homogeneously mixed with the base matrix powder in an airtight container using a 
tubular mixer for 1 hour. The solder mixtures were uniaxially compacted in a 12-mm 
diameter mold at 120 bar, and the compacted discs were microwave sintered in an inert argon 
atmosphere. The cycle involved approximately 3 minutes of microwave sintering at 1000W 
to achieve a sintering temperature of 185 °C (~0.8Tm).  For comparing with the base material, 
a Sn0.7Cu alloy was prepared by compacting the Sn0.7wt%Cu solder powder and sintering 
using the same method as the composite solder without the addition of TiO2 particles. 
Sintered samples were then cold rolled to produce thin solder sheets for solder ball 
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fabrication. Thin solder sheets of approximately 100 µm thickness were used for synchrotron 
x-ray imaging experiment while thinner sheets (approximately 23 µm) were used for solder 
ball fabrication as subsequently described.  
2.2 Solder ball fabrication 
Solder balls of approximately 600 µm diameter size were prepared by punching the thin (23 
µm) solder sheet using a 2.5 mm diameter metal punch. The punched solder sheets were then 
dipped in a rosin mildly activated (RMA) flux and placed on a Pyrex sheet. Using a 
controlled heating temperature, the 2.5 mm diameter solder discs were melted using a reflow 
oven at 250 °C maximum temperature with N2 gas flow. The solder discs adopted a spherical 
morphology under the action of surface tension during melting, resulting in solder balls pf 
approximately 600 µm in diameter. To ensure uniformity of size the solder balls were passed 
through a series of sieves eliminating balls that were substantially bigger or smaller than 600 
µm. In making solder joints, the fabricated balls were reflowed at 127s of reflow time (time 
above 227°C) on a 600 µm ball pitch size of Cu substrate printed circuit board (PCB) with 
organic soldering preservative (OSP) surface finish with the aid of small amount of RMA 
flux using a desktop reflow oven with N2 gas flow (reflow temperature profile shown in 
Figure 1a).  
2.3 Thermal Analysis 
To investigate the thermal reactions of a solder joint during soldering and multiple reflow 
cycles, a Mettler Toledo differential scanning calorimetry (DSC) under a N2 atmosphere was 
used. In this experiment, the solder samples underwent a series of reflow cycles in a DSC 
which was prepared as in Figure 1b. The solder balls were coated with small amount of RMA 
flux and placed on a 600 µm ball pitch size Cu substrate printed circuit board (PCB) with 
organic soldering preservative (OSP) surface finish and placed in an encapsulated aluminium 
pan (substrate side down). A hole was made on the aluminium pan lid for flux outgas venting 
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purposes. Six samples of each of Sn-0.7Cu and Sn-0.7Cu+TiO2 were heated at 20 °C/min to 
250 °C and cooled down at room temperature at 20 °C/min for six cycles. Thermal reactions 
in each reflow cycle were determined based on the endothermic (heating) and exothermic 
(cooling) temperature curves.   
2.4 Synchrotron X-ray Radiography Imaging 
The real time observation experiments were performed at BL20XU beamline in the SPring-8 
synchrotron using an in-situ synchrotron X-ray real time solidification observation setup 
developed in previous research [39-42]. The parameters were chosen to allow a high degree 
of coherence, absorption contrast and phase contrast enabling boundaries in the sample to be 
observed on transmitted images. These image signals were then converted into a digital 
format of 2000 X 2000 pixels at 1 mm X 1 mm giving a resolution of 0.477 µm per pixel. A 
planar undulator was used as a light source and the radiation was monochromatized with Si 
double crystal monochromators. An exposure time of 1s per frame to capture the images was 
used. To mimic the process of reflow soldering, a furnace with graphite heating elements 
where heat is transferred through radiation in an enclosed sample chamber was used. The 
approximately 100 µm thin rolled solder foils were cut into 3 x 2 mm
2
 pieces and placed 
vertically on thin 100 µm Cu substrates. The observation window area of 10 x 10 mm
2
 with a 
vent for flux outgassing was made by using a 100 µm thickness poly-tetrafluoroethylene 
(PTFE) sheet placed between two SiO2 plates. Samples were set to be heated from room 
temperature to approximately 250°C at 20°C /min and cooled down at approximately 
20°C/min to 180°C for six cycles. The soldering temperature profiles for the experiments are 
shown in Figure 1c.  
2.4 High Speed Shear Solder Joint Test 
The solder joint strength after multiple reflows was tested using a Dage 4000 high speed 
bond tester at 60 µm shear height. A 50N shear load cartridge was used at 100 mm/s and 
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2000 mm/s shear speed. The high speed shear test sample positioning is as shown in Figure 
1d. The microstructures and X-ray microanalysis of the samples were analysed using a JEOL 
6610 scanning electron microscopy (SEM)/energy dispersive X-ray spectroscopy (EDS) in 
secondary and backscattered electron imaging mode at an accelerating voltage of 20 kV. For 
a top-down view of the interfacial layer, solder joints were etched using a solution of 2% 2-
nitrophenol, 5% sodium hydroxide and 93% of distilled water. Before detailed SEM imaging 
and X-ray microanalysis were conducted, samples were thoroughly cleaned and rinsed using 
acetone in an ultrasonic bath. 
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Figure 1: a) Reflow temperature profile using benchtop reflow oven, b) multiple reflow cycle 
temperature profile for in-situ synchrotron X-ray imaging experiment and c) high speed shear 
test setup and sample positioning. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
3.0 Results and Discussion 
3.1 Thermal reactions in solder joints during multiple reflow 
Thermal reactions during heating and cooling of solder joints are important in understanding 
the reactions of the solid-liquid-solid transition during soldering. Figure 2 shows a 
differential scanning calorimetry curve of multiple reflow cycles of Sn-0.7Cu with TiO2 
(Figure 1a and 1b) and Sn-0.7Cu during cooling and heating (Figure 1c and 1d). During 
heating, the endothermic melting peaks, were consistent throughout the multiple cycles for 
both type of solder joints. However, during cooling the exothermic solidification peak varied 
with each reflow cycle. From the DSC results, the undercooling (the onset on heating minus 
the onset on cooling) and liquid contact temperature range (the endset on heating minus the 
endset on cooling) of both solder joints were analysed. It is observed that generally as the 
number of heating cycles increases, Sn-0.7Cu solder joints displayed a higher undercooling 
compared to Sn-0.7Cu with TiO2 as in Figure 3a. In addition, the range of temperatures for 
which liquid is present in Sn-0.7Cu solder joints is higher compared to Sn-0.7Cu with TiO2.  
In other words, by promoting nucleation earlier, the TiO2 particles reduce the time of contact 
between the IMC layer and the liquid phase during solidification. In both solder joints, a 
trend of increased undercooling was observed as the number of reflow cycles increases. It is 
likely Cu from the substrate dissolves more into the molten solder with every reflow cycle 
and increases the Cu content in the solder allowing it to become slightly increasingly hyper 
eutectic. During reactive dissolution of the Cu substrate during the soldering of Sn-0.7Cu at 
250 °C, the liquid will become enriched in Cu to a maximum solubility limit of 
approximately 1.2wt%Cu [42]. However the small increment in Cu concentration is not able 
to be detected by DSC as shown in Figure 2.   
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Figure 2: Typical differential scanning calorimetry curve of multiple reflow cycle of Sn-
0.7Cu with TiO2 at (a) cooling (b) heating and Sn-0.7Cu at (c) cooling (d) heating. 
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Figure 3: (a) Average undercooling and (b) liquid contact temperature range of Sn-0.7Cu and 
Sn-0.7Cu with TiO2 during multiple reflow cycle. 
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3.2 Microstructure analysis 
3.2.1  Cu6Sn5 primary growth during multiple reflow 
 
The nucleation and growth of Cu6Sn5 primary crystals during simulated multiple reflow 
cycles was observed using in-situ synchrotron X-ray imaging in both Sn-0.7Cu and Sn-0.7Cu 
with TiO2. Figure 4 shows the distribution of Cu6Sn5 primary crystals during solidification 
just prior to Sn nucleation during each reflow cycle of both solder joints. In order to quantify 
the nucleation rate and growth of primary Cu6Sn5 during multiple reflow cycles, the apparent 
numbers and total length of primary Cu6Sn5 primary were measured just prior to Sn 
nucleation during each reflow cycle. The apparent numbers and length were then divided by 
the given area resulting in the number density and total length.  Figure 5 shows the number 
density and total length of Cu6Sn6 primary crystals during each reflow cycle in both the Sn-
0.7Cu and Sn-0.7Cu with TiO2 solder joints. Results in Figure 5a indicate that the number 
density of primary Cu6Sn5 crystals in Sn-0.7Cu containing TiO2 solder joint is initially higher 
compared to Sn-0.7Cu and this number reduces after multiple reflow. As shown in Figure 5b, 
the total length of Cu6Sn5 primary crystals in the reinforced solder is decreased indicating the 
crystals were able to be suppressed compared to Sn-0.7Cu. It is acknowledged that the 
numbers and length of primary Cu6Sn5 in TiO2 containing solder measured using this 
synchrotron technique may not include small particles of Cu6Sn5 below the resolution 
limitations of this technique and thus the measured numbers and length were should be 
considered apparent values. The results indicate that during reflow cycles, TiO2 
reinforcements in the bulk solders may act as nucleation sites to both primary Cu6Sn5 and β-
Sn, as also supported by the DSC results (Figure 3).  
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Figure 4: Real-time observations of reactions of (a-f) Sn-0.7Cu solder and (g-l) Sn-0.7Cu 
solder with TiO2 with the Cu substrate before Sn nucleation during each reflow cycle. Note 
that the interfacial Cu6Sn5 layer is located amidst the interfacial solder voids at the solder/Cu 
interface. 
 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
Figure 5: (a) Number density and (b) apparent length/unit area of Cu6Sn6 primary during each 
reflow cycle in Sn-0.7Cu solder joint and Sn-0.7Cu with TiO2 solder joint.  
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3.2.2  Interfacial Cu6Sn5 growth during multiple reflow 
 
As can be observed in Figure 6 and 7, the interfacial Cu6Sn5 layer present in Sn-0.7Cu/Cu 
and Sn-0.7Cu+TiO2/Cu after multiple reflow cycles respectively, differs significantly. In Sn-
0.7wt%Cu/Cu, the interfacial Cu6Sn5 crystals were more needle-like and scalloped in 
morphology while in TiO2 containing solders, the interfacial Cu6Sn5 were shorter and more 
faceted. In Sn-0.7Cu, heterogeneous growth of the interfacial layer was observed where the 
majority of the growth comes from select grains that advance a long way from the interface, 
which is not observed in TiO2 containing solder. These Cu6Sn5 crystals that manage to grow 
ahead of the interface will reject Sn solute laterally and this will further limit the growth of 
the neighbouring grains.  The TiO2 particles appear to hinder the growth of advancing grains 
and the IMC layer appears to be inherently more stable. In addition to cross-section 
observations, these solder joint samples were etched in to remove the Sn and reveal the 
morphology of the Cu6Sn5. Top-down (viewing direction normal to the substrate) 
observations of interfacial Cu6Sn5 layers present in Sn-0.7Cu/Cu and Sn-0.7Cu+TiO2/Cu 
after multiple reflow cycles are shown in Figure 8 and 9 respectively. In the TiO2 containing 
solders, a more faceted and flat morphology of the interfacial Cu6Sn5 was observed as 
indicated in the red circle in Figure 9f.  
To measure the average interfacial Cu6Sn5 thickness, the total area of the interfacial layer was 
divided by the total length measured from the cross-sectioned samples. Figure 10a compares 
the average interfacial layer thickness growth over multiple reflow cycles. For Sn-0.7Cu/Cu, 
the average interfacial layer grows from ~5.2 µm after the first reflow cycle to a maximum of 
~13 µm thickness after multiple reflows. In the Sn-0.7Cu+TiO2/Cu, it shows that the growth 
of the interfacial layer is relatively supressed and grows from an initial average of ~4.2 µm 
thickness after the first reflow cycle to a maximum of ~8 µm thickness after multiple reflows. 
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The thickness of the interfacial layer in diffusion couples can be generally expressed by an 
empirical power-law equation; 
               (1) 
where   is the average thickness of the interfacial layer, k is the growth rate constant, n is the 
time exponent and t is the reflow time (time above liquid temperature during reflow). In 
obtaining the growth rate constant (k) and time exponent (n), linear fitting results of a log-log 
graph of interfacial layer thickness of Sn-0.7Cu solder joint and Sn-0.7Cu with TiO2 solder 
joint with reflow time were plotted as in Figure 10b. Reflow time is considered to be the time 
above 227 °C, and each cycle in this experiment was of 127 s reflow time. Results shows that 
Sn-0.7Cu has a slightly higher growth rate constant compared to the reinforced solder with 
values of 0.52 and 0.43 µm/s respectively. Both solder materials displayed a similar time 
exponent value of approximately 0.5 and this  
 
  dependence indicates that the interfacial 
layer thickness of both samples is controlled by volume diffusion or chemical reaction [43]. 
Tang et al. [44] in their recent study of TiO2 additions to Sn-3.0Ag-0.5Cu indicated that the 
time exponent values of both interfacial Cu6Sn5 and Cu3Sn are close to 0.5 at 150°C ageing 
temperature. It is also reported that with 0.1wt% TiO2 additions to Sn-3.0Ag-0.5Cu the 
activation energy of the interfacial layer increases where it majorly effects the Cu6Sn5 layer 
and little influence on the Cu3Sn layer [44]. 
High magnification, top-down images of the interfacial layer of both materials and EDS on 
the interfacial layer are shown in Figure 11a-c, and it is observed that agglomerated particles 
on the Cu6Sn5 exist at the boundary of the interfacial layer of Sn-0.7Cu+TiO2/Cu after six 
reflow cycles. This suggests TiO2 remains in contact with the interfacial Cu6Sn5 layer and 
stabilises the Cu diffusion path into the molten solder. Hsiao et al. [45] in his study on 
inhibiting the consumption of Cu during multiple reflows of Pb-free solder on Cu substrates 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
concluded that the channels between the Cu6Sn5 scallops play a critical role in the growth of 
the Cu-Sn interfacial layer. From the study, it is reported that the channels serve as rapid 
diffusion and dissolution paths of Cu into the molten solder to facilitate the growth of the 
interfacial layer. Considering this, it is possible that TiO2 particles in intimate contact with 
the Cu6Sn5 interfacial stabilises the Cu dissolution path and prevent individual grains from 
growing further from the interface during reflow cycles. This suppression of the interfacial 
layer is also promoted by the shorter time of contact between the liquid and the IMC layer in 
the TiO2 containing solders as observed in the DSC results. The DSC results also indicate that 
the Sn-0.7Cu samples solidify at a larger undercooling and this is well known to be 
associated with a higher velocity  and more unstable interface [46]. This is consistent with 
our observation in Figure 3a and 10b where the TiO2 containing solders grown at lower 
undercoolings have a lower growth rate for the interfacial layer and a more planar 
morphology.  
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Figure 6: Micrographs of the interfacial Cu6Sn5 layer of Sn-0.7Cu/Cu after the (a) first, (b) 
second, (c) third, (d) fourth, (e) fifth, and (f) sixth reflow cycles.  
 
Figure 7: Micrographs of interfacial Cu6Sn5 layers of Sn-0.7Cu+TiO2/Cu after the (a) first, 
(b) second, (c) third, (d) fourth, (e) fifth, and (f) sixth reflow cycles. 
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Figure 8: Top-down view of the interfacial Cu6Sn5 layer of Sn-0.7Cu/Cu after the first reflow 
cycle at low (a) and high (b) magnification. The third reflow cycle at (c) low and (d) high 
magnification.  The sixth reflow cycle at (e) low and (f) high magnification. 
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Figure 9: Top-down view of the interfacial Cu6Sn5 layer of Sn-0.7Cu+TiO2/Cu after the first 
reflow cycle at low (a) and high (b) magnification. The third reflow cycle at (c) low and (d) 
high magnification.  The sixth reflow cycle at (e) low and (f) high magnification. 
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Figure 10: (a) Average interfacial layer thickness of Sn-0.7Cu solder joint and Sn-
0.7Cu+TiO2 solder joint after multiple reflows and (b) log-log graph of the interfacial layer 
thickness of Sn-0.7Cu solder joint and Sn-0.7Cu+TiO2 solder joint with reflow time. 
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Figure 11: Interfacial Cu6Sn5 layer of solder joints after six reflow cycles of (a) Sn-0.7Cu/Cu, 
(b) Sn-0.7Cu+TiO2/Cu and (c) energy dispersive x-ray spectroscopy (EDS) spot analysis (red 
cross) on the Sn-0.7Cu+TiO2/Cu interfacial layer. 
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3.3 Solder joint strength 
The solder joint strength of both solder materials after multiple reflows were evaluated using 
a high speed shear solder ball machine at 100mm/s and 2000mm/s shear speed. A lower shear 
speed was chosen to evaluate the bulk solder joint strength while a higher solder speed was 
used in evaluating the solder joint strength at the interfacial layer [47]. After the shear tests 
were conducted, samples were examined using SEM to analyse the failure modes of each of 
the sheared solder joints. Failure was classified as one of four different failure modes 
including ductile, quasi-ductile, quasi-brittle and brittle as indicated in Figure 12. Figure 13 
shows the average shear strength of the Sn-0.7Cu and Sn-0.7Cu+TiO2 solder joint at 100 
mm/s shear speed and the failure mode percentage of Sn-0.7Cu after the first, third and sixth 
reflow cycles. At both 100mm/s and 2000mm/s shear speeds, the results show that the TiO2 
containing solder joints resulted in a higher shear strength on every reflow cycle compared to 
Sn-0.7Cu solder joints. After multiple cycles, the shear strength at 100mm/s shear speed of 
Sn-0.7Cu solder joints decreases, however in TiO2 containing solder joints, the shear strength 
is relatively insensitive to the number of reflow cycles and remains around ~14 N. Most of 
the failure modes for both solders at 100mm/s shear speed were dominated by the quasi-
ductile mode.  
Figure 14 shows the average shear strength of Sn-0.7Cu and Sn-0.7Cu+TiO2 solder joints 
when tested at a 2000 mm/s shear speed and the failure mode percentage of Sn-0.7Cu after 
the first, third and sixth reflow cycle. Similar to the solder joint strength at 100mm/s, after 
multiple cycles, the shear strength of Sn-0.7Cu solder joints at a 2000mm/s shear speed 
significantly decreases, however in TiO2 containing solder joints, the shear strengths decrease 
only slightly from ~15N to ~14N. After increasing the shear speed, the brittle and quasi-
brittle failure modes were dominant and increasing the reflow cycle increases the percentage 
of brittle failure modes. The results show that with additions of TiO2, both the strength of the 
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bulk solder area and the interfacial layer area were higher compared to Sn-0.7Cu after 
multiple reflows.  
 
 
 
Figure 12: Micrograph of different failure mode of high speed shear fractured samples. 
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Figure 13: (a) Shear strength of Sn-0.7Cu and Sn-0.7Cu+TiO2 solder joint at 100 mm/s shear 
speed, (b) failure mode percentage of Sn-0.7Cu after the first, third and sixth reflow cycle and 
(c) failure mode percentage of Sn-0.7Cu+TiO2 after the first, third and sixth reflow cycle. 
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Figure 14: (a) Shear strength of Sn-0.7Cu and Sn-0.7Cu+TiO2 solder joint at 2000 mm/s 
shear speed, (b) failure mode percentage of Sn-0.7Cu after first, third and sixth reflow cycle 
and (c) failure mode percentage of Sn-0.7Cu+TiO2 after first, third and sixth reflow cycle. 
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4.0 Conclusions 
In conclusion, the effect of multiple reflow cycles on the formation of Cu6Sn5 primary 
crystals and the interfacial layer in Sn-0.7Cu and Sn-0.7Cu+TiO2 solders on copper substrates 
was investigated. In addition, the effects of the growth of Cu6Sn5 after multiple reflows on 
the solder joint strength were evaluated. The following conclusion can be made: 
a) Multiple reflow and TiO2 additions to Sn-0.7Cu affect the Cu6Sn5 primary and 
interfacial layer growth mechanisms.  
b) Sn-0.7Cu solder joints displayed a higher undercooling and larger temperature (and 
subsequently time) range over which liquid is present compared to Sn-0.7Cu with 
TiO2. This primarily occurs due to the role that TiO2 particles have in promoting 
nucleation and earlier solidification.  
c) Additions of TiO2 were able to reduce the number density and total length per unit 
area of primary Cu6Sn5 particles and suppress the interfacial layer during multiple 
reflows. It is possible that TiO2 particles in intimate contact with the interfacial 
Cu6Sn5 stabilise the Cu dissolution path.  By reducing the undercooling, additions of 
TiO2 result in a lower average thickness in the interfacial IMC and a more stable 
growth morphology. 
d) With the suppression of primary and interfacial Cu6Sn5 in TiO2 containing solders, 
the solder joint strength in the bulk solder area and the interfacial layer area were able 
to be increased.  The strength of TiO2 containing solder joints was relatively 
insensitive to the number of reflow cycles however the strength of Sn-0.7Cu solder 
joints generally decreased with increasing reflows.   
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Highlights 
 Compared to TiO2-free equivalents, a relative suppression of the Cu6Sn5 phase, both 
as primary crystals and as an interfacial layer was observed. 
 A higher undercooling and range over which liquid contacts the interfacial 
intermetallics in Sn-0.7Cu compared to TiO2 containing solders results from enhanced 
nucleation in the presence of TiO2 particles. 
 With the suppression of primary and interfacial Cu6Sn5 in TiO2 containing solders, the 
solder joint strength was improved. 
 The strength of Sn-0.7Cu solder joints decreased with increasing reflows however the 
solder joint strength of TiO2 containing solder was relatively insensitive to the number 
of reflow cycles with a higher solder joint strength across all reflow cycles. 
